Dreier B, Gasiorowski JZ, Morgan JT, Nealey PF, Russell P, Murphy CJ. Early responses of vascular endothelial cells to topographic cues.
CARDIOVASCULAR DISEASE (CVD) remains a leading cause of death within the United States, as well as globally, causing over one-third of all deaths in 2007 alone (35) . Despite extensive research efforts, there remain knowledge gaps regarding CVD onset and progression. In the past, most studies focused on the influence of soluble signaling factors on vascular endothelial cell behavior; more recently, the impact of biophysical cues on cell biology has become apparent. The microenvironment of cells in vivo is characterized by a rich, "felt-like" topography that induces a cascade of signaling events that ultimately participate in determining cell phenotype. The importance of biophysical cues in fundamental cell behaviors, including shape (22) , adhesion (20) , proliferation (22, 25, 33) , migration (9, 27, 34) , cell alignment (1, (43) (44) (45) , and survival (33) , has been widely reported. These studies demonstrate that biophysical cues from the tissue microenvironment modulate cellular functions that are distinct from biochemical stimuli.
However, the signaling processes that enable cells to identify and respond to topographic cues remain largely unknown. Topographically patterned substrates with anisotropically ordered features of parallel ridges and grooves in the biomimetic nano-through microscale range have been used to study the impact of topographic cues on a variety of cell types (20) .
Vascular endothelial cells in vivo are intimately associated with a basement membrane (BM). The BM is a specialized extracellular matrix (ECM) possessing a complex three-dimensional meshwork consisting of pores and fibers in the submicroscale (100 -1,000 nm) and nanoscale (1-100 nm) range, as shown for the BM from a variety of species and anatomic sites (1-3, 24, 26) . The ECM is linked to the cytoskeleton by focal adhesions, multiprotein complexes that are formed upon binding of integrin family transmembrane receptors to extracellular ligands. Aside from their structural roles, focal adhesions are suggested to be involved in the transmission of extracellular cues to intracellular signals. Binding of integrin family transmembrane receptors to extracellular ligands upon contact with the cell surface initiates integrin clustering, which leads to the recruitment of focal adhesion kinase (FAK) to these focal adhesions. FAK then binds indirectly to integrins through interactions with other integrin-associated proteins (16, 39) .
FAK, encoded by the protein tyrosine kinase (PTK) 2 (PTK2) gene, is an intracellular nonreceptor PTK that is activated through autophosphorylation at Tyr 397 (38) . This phosphorylation induces several signaling cascades (41) by initiating the recruitment of multiple structural and signaling proteins, including vinculin (4), paxillin (1, 17, 40, 46) , talin (7), p130Cas (6) , and Src family kinases (8) . The known cellular functions of FAK include control of the cell cycle (52, 53) , survival (28) , and proliferation (33) . Fibroblasts isolated from FAK-null mice displayed decreased motility, indicating involvement of FAK in cell migration (19, 41) . Additionally, FAK has been proposed to act as a mechanosensor on the basis of reports documenting reduced responses of FAK-null fibroblasts to both traction forces applied to flexible substrates (49) and differences in response to substrate stiffness compared with wild-type fibroblasts (33) . The goal of this study was to describe early responses of human umbilical vein endothelial cells (HUVECs) to topographically patterned surfaces and to investigate initial cell-signaling processes that enable HUVECs to recognize and react to biologically relevant topographic cues.
The silicon masters were fabricated containing either an array of six (2 ϫ 2 mm) ridge and groove areas with pitches of 400, 800, 1,200, 1,600, 2,000, and 4,000 nm (pitch ϭ groove ϩ ridge width) separated by planar control areas (i.e., "6-packs") or a single 6.5-cm 2 area with a single pitch (planar 400-, 1,400-, and 4,000-nm pitch, i.e., "monotypic"). The dimensions of the various topographies were of equal ridge and groove width, with a groove depth of 300 nm. These silicon masters were used as templates for replication of the patterns through soft lithography using poly(dimethylsiloxane) stamps (20) . The pattern was stamped into a spun-coat layer of NOA81 optical adhesive (Norland Products, Cranbury, NJ) (32) onto 35-mm (for 6-packs) or 60-mm (for monotypics) tissue culture plates and cured in a UV cross-linker (model XL-1500, Dymax, Torrington, CT) under 365-nm light for 100 min. NOA81, a proprietary mercaptoester compound that cures to a rigid polymer upon exposure to UV light, has previously been demonstrated by our research group to be a suitable material for cell culture (25, 27) . In preparation for tissue culture, all polyurethane surfaces were sterilized by 20 min of exposure to UV (280-nm) light.
Cell Culture
Primary HUVECs (Lonza, Walkersville, MD) were cultured in endothelial basal medium-2 supplemented with the EGM-2 SingleQuot Kit containing GA-1000, human EGF, 2% fetal bovine serum, heparin, ascorbic acid, R 3 -IGF-1, VEGF, human FGF-B, and hydrocortisone (Lonza). Cell cultures were incubated at 37°C and 5% CO2 and used between passages 4 and 7 for all experiments.
Gene Downregulation by Small Interfering RNA Transfection
At 60 -80% confluence of HUVECs, small interfering RNA (siRNA) transfections were performed using the DharmaFect 4 transfection reagent (Dharmacon, Lafayette, CO) following the manufacturer's instructions, with final concentrations of 28.5 nM FAK siRNA (catalog no. Hs_PTK2_11, Qiagen, Valencia, CA) or control siRNA (ON-TARGETplus Nontargeting siRNA #3, Dharmacon). At 48 -120 h posttransfection, the cells were harvested for RNA isolation. Knockdown to expression levels Ͻ20% was achieved as determined by real-time quantitative PCR (qPCR) analyses.
RNA Isolation and Real-Time qPCR Analysis
HUVECs were seeded at 2.5 ϫ 10 5 cells/6.5 cm 2 on topographically patterned substrates (400-, 1,400-, and 4,000-nm pitch) and planar control surfaces. After 12 h of incubation, the cells were harvested for RNA isolation using the RNeasy kit (Qiagen) following the manufacturer's instructions. The expression levels of FAK in cells cultured on topographically patterned surfaces were determined by real-time qPCR analyses using a StepOne qPCR machine (Applied Biosystems, Carlsbad, CA). Sixty nanograms of RNA were used to determine expression levels of FAK and 18S rRNA using the TaqMan One-Step PCR kit and aptamers specific to FAK and 18S rRNA (catalog nos. Hs00178587_m1 and Hs99999901_m1, respectively, Applied Biosystems). The reverse transcription reaction was performed for 30 min at 50°C followed by PCR enzyme activation for 10 min at 95°C. Forty cycles of 60°C for 1 min followed by 95°C for 15 s were performed. Relative expression levels of the genes of interest were normalized to the expression of 18S rRNA. The experiment was performed in triplicate and repeated three times.
Protein Isolation and Western Blotting
Protein from HUVECs was isolated by addition of M-PER buffer (Thermo Scientific, Rockford, IL) with Halt Protease Inhibitor Cocktail (Thermo Scientific) for 10 min on ice. Cell debris was removed by centrifugation at 14,000 rpm for 5 min at 4°C. The protein concentration was determined using the DC Protein Assay (Bio-Rad, Hercules, CA). The samples were prepared for electrophoresis by incubation at 95°C for 5 min after addition of 5ϫ Laemmli buffer. Equal amounts of protein (10 g/lane) were loaded on a 4 -12% NuPAGE Bis-Tris gel (Life Technologies, Carlsbad, CA), subjected to electrophoresis, and blotted onto a nitrocellulose membrane (Life Technologies). The blot was blocked in milk diluent (KPL, Gaithersburg, MD) and then incubated overnight with primary antibodies specific for total FAK (mouse anti-FAK, 1:50 dilution; BD Biosciences, Franklin Lakes, NJ) and ␤-actin (chicken anti-␤-actin, 1:1,000 dilution; Abcam, Cambridge, MA) diluted in 10% milk diluent (KPL). Secondary antibodies (peroxidase-labeled goat anti-mouse or goat anti-chicken, KPL) were used at a 1:20,000 dilution. Protein bands of interest were detected using the chemiluminescent ECL Plus Western blotting reagent (GE Healthcare, Pittsburgh, PA) and a charge-coupled device camera (ImageQuant 350, GE Healthcare).
Time-Lapse Microscopy and Analysis of Migration
For the migration assay, 35-mm dishes with two separate chambers, each containing one 6-pack, were fabricated to allow simultaneous imaging of control and FAK siRNA-transfected cells. At 48 h after transfection, 3 ϫ 10 4 cells were seeded into each chamber and allowed to adhere in an incubator for 3-4 h at 37°C and 5% CO 2. Plates were transferred to the incubated stage of a Zeiss microscope to maintain cell culture conditions.
Areas containing each topographically patterned region (400-to 4,000-nm pitch) and planar control were identified and marked using AxioVision software (version 4.6, Carl Zeiss) and an automated stage. Sequential phase-contrast images of each marked area were taken every 10 min over a 10-h period at ϫ10 magnification (0.4 numerical aperture objective) using a Zeiss Axiovert 200 M microscope. Only cells that remained within the field of view and did not come into contact with another cell or undergo cell division during the course of the experiment were analyzed. The center of mass of each cell was identified, and the x and y coordinates were recorded using a cell tracker module in AxioVision 4.6. From the resulting data, cell trajectories, total distance, and the rate of migration were calculated for a total of Ն40 FAK or control siRNA-transfected cells per topographic feature or planar control from Ն3 separate experiments. As a control, the analyses were checked in two experiments with untreated cells on topographic surfaces or planar control areas (Ն32 cells per topography or planar control). Results of these experiments showed that the control siRNA-treated cells had migration characteristics similar to those of untreated cells (data not shown).
Analysis of Cell Orientation to Topographic Features
HUVECs were plated at a density of 1.5 ϫ 10 4 cells/cm 2 in 35-mm plates containing 6-pack polyurethane substrates with topographic features ranging from 400-to 4,000-nm pitch, as well as intervening planar regions. After 4 h, cells were fixed for 20 min with 2% paraformaldehyde in PBS, permeabilized with 0.1% Triton X-100 (Fisher Scientific, Waltham, MA) in PBS, and stained with Alexa Fluor 568-phalloidin (Invitrogen, Carlsbad, CA) and 4=,6-diamidino-2-phenylindole (BioGenex, San Ramon, CA). Images were taken at ϫ10 magnification with an Axiovert 200 M inverted microscope.
Orientation of individual cells was analyzed from fluorescent images using AxioVision 4.6 software, which allowed us to define the boundary of the cell and the orientation of the cell in relation to the underlying pitch. Only cells that were fully contained within the border of the image, not in physical contact with other cells, and not undergoing mitosis were included for analysis. The orientation of the cells was based on the angle between the major axis of the object and the underlying feature. Cells were considered aligned parallel with the ridges and grooves when this angle was between 0°and 10°and perpendicular when the angle was between 80°and 90°. Cell elongation is defined as the ratio of the length to the width of each cell. Cells were considered elongated if this factor was Ͼ1.3. A minimum of 50 cells for a given pitch size were analyzed in four replicates.
To ensure that the transfection method had no impact on the ability of the cell to orient to topographic cues, we additionally included untreated cells and mock-transfected cells, i.e., cells that were transfected with water instead of siRNA. No significant differences were found in these groups in their response compared with control siRNAtransfected cells (data not shown).
Immunocytochemistry and Fluorescence Microscopy
HUVECs were fixed with 3% paraformaldehyde and permeabilized in 0.05% Triton X-100 (Fisher Scientific) for 3.5 min. Nonspecific binding sites were blocked with 1 mg/ml bovine serum albumin overnight at 4°C. The cells were incubated with primary antibody for 2 h at room temperature and then with secondary fluorophoreconjugated antibodies (Alexa 488-and/or Alexa 555-conjugated goat anti-mouse or goat anti-rabbit, Invitrogen). Primary antibodies were anti-phosphotyrosine (Millipore, Billerica, MA), monoclonal rabbit anti-phosphorylated (Tyr To ensure that the topographic surfaces did not induce an imaging artifact, cells grown on patterned and planar substrates were exposed to a general cell stain; specifically, they were costained with 4=,6-diamidino-2-phenylindole, phosphorylated FAK, and wheat germ agglutinin (WGA; Fig. 1A ). Cells were fixed in 4% paraformaldehyde for 20 min and washed three times in PBS. WGA conjugated to Alexa Fluor 488 (Life Technologies) was added to cells at 5 g/ml in PBS for 30 min. The cells were washed three times in PBS, permeabilized with 0.2% Triton X-100 in PBS for 5 min, washed three times, and stained as described above.
The WGA label is clearly visible in areas of ridges and grooves, consistent with previous reports showing that the membrane spans the grooves and that the primary points of cell attachment are on the ridges (21, 29, 30, 36, 45) . This further demonstrates that there is minimal fluorescent artifact from the underlying topography. We used ImageJ software (42) to measure the grayscale intensity of WGA, phosphorylated FAK, and the phase image along the ridges and grooves of a representative area of the image (yellow box in Fig. 1B) , and a graphical representation of this measurement was prepared (Fig.  1C) . The resulting profile shows bright peaks of the phase grayscale intensities corresponding to the ridges of the underlying patterned substrate. The three focal adhesions captured in this image section appear as peaks in the profile that coincide with the phase peaks at the ridges. In contrast, the membrane staining intensity remains relatively stable along the ridges and grooves, reflecting the consistent presence of the membrane along the pattern.
Statistical Analysis
All statistics were performed using SigmaPlot 11 (Systat Software, San Jose, CA). Two-way ANOVAs were used to determine the differences of two varying factors (topography and time or silencing), unless stated otherwise. The Holm-Sidak post hoc test was used to determine significant difference within a factor from control (e.g., planar surfaces and transfections with control siRNA).
RESULTS AND DISCUSSION

Cellular Responses to Topographic Cues Do Not Depend on Adsorbed Proteins
Vascular endothelial cells have long been known to respond to various biophysical cues (11a, 14, 27, 29, 50), including topographic features. It remains unknown, however, if the cells were responding specifically to the underlying topographic features or to protein patterns created through deposition on the Fig. 1 . Analysis of staining specificity. A: representative human umbilical vein endothelial cells (HUVECs) on the edge of a topographically patterned region labeled with phosphorylated FAK (pFAK; red) and wheat germ agglutinin (WGA; green). 4=,6-Diaminido-2-phenylindole (DAPI) was used as nuclear counterstain. The 2,000-nm pitch ridges are clearly visible on phase and can be seen as a faint nonspecific signal on the fluorescent channels. Yellow box on the coarse view corresponds to the region in the detail view. Scale bars, 10 m. B: enlarged "detail" view of the pFAK stain. Yellow rectangle denotes a 3-pixel-wide strip that was used to generate a profile of grayscale intensities of the pFAK signal (red line in C). The 3 focal adhesions captured by the strip are clearly visible as peaks in the profile. C: similar profiles of the same strip were generated for the WGA and phase signals. The pFAK signal intensifies at the rising of the bright phase peaks, which indicates ridges; in contrast, the WGA signal shows only faint variation across the ridges. All grayscale values were zeroed to the minimum value of the profile.
features. We therefore tested the response of HUVECs to topographic surfaces in the absence of adsorbed protein. After trypsinization, HUVECs were washed thoroughly with PBS and then plated in protein-free basal medium without additives on 6-pack topographically patterned surfaces, as well as on planar control areas. Morphology was imaged in cells fixed at 30, 60, 90, and 120 min postplating and stained with fluorescent phalloidin. Even within 30 min of exposure to the patterned surface, HUVECs responded to the topographic cues by preferentially elongating and aligning along the ridges and grooves, in the absence of added protein (Fig. 2) . As time progressed, an increasing number of cells elongated and aligned. We observed a significant difference between 30 and 120 min, but not between 30 and 60 min, postplating (Fig. 2) , demonstrating the temporal component of the cell alignment. At Ͻ30 min postplating, we observed no substantial cell alignment (data not shown). All pitches significantly increased the percentage of elongated and aligned cells. Within 90 min postplating, the phalloidin-stained actin stress fibers (red) aligned parallel to the ridges and grooves on patterned substrates while being oriented in random directions on the planar substrate (Fig. 3 ). These data demonstrate that HUVECs do not require prior protein deposition to respond to topographic cues. This result was consistent with previous reports that serum proteins were not a requirement for the alignment of corneal epithelial cells along topographic surface features (12, 43) . The data suggest that cells can respond directly to the physical shape of the surface, instead of indirectly to the pattern of protein that had previously been deposited on the topographic ridges.
Early Cell-Signaling Events Triggered by Topographic Cues
Activation of the focal adhesion proteins p130Cas and Src in cells on patterned surfaces. Focal adhesions have been documented to play an essential role in the transduction of extracellular cues into intracellular signals. To study signaling pathways that may be involved in the cellular responses to topography, we focused on phosphorylation changes in focal adhesion proteins at the sites of surface contact. Upon activation, focal adhesion proteins localize to focal adhesions, which can be visualized by immunofluorescent staining as characteristic freckle-like structures. The focal adhesion proteins p130Cas and Src have been reported to be involved in sensing of mechanical forces (23, 37 ) p130Cas localized to the edges of the topographic ridges in linear structures parallel to the surface patterns (Fig. 4, top) . Similarly, Src was activated within long linear focal adhesion structures on topographically patterned surfaces (Fig. 4,  bottom) . In contrast, immunofluorescent staining of cells on the planar substrates revealed a random or radial orientation of the focal adhesions, which were mainly confined to the periphery of the cell. The distinctive localization of these activated proteins on the patterned surfaces was observed on all pitches (data not shown) within 30 min, indicating an involvement of these proteins in the early cellular response to topographic cues.
The specificity of this staining pattern on the patterned substrates was previously reported (21, 29, 30, 36, 45) and confirmed in METHODS (Fig. 1) .
FAK activation in response to topography. FAK, a signaling molecule upstream of Src and p130Cas, might be responsible for the localization and activation of those proteins upon culture on topographic surfaces. Phosphorylation of FAK at Tyr 397 initiates signaling cascades that can affect cell motility and morphology, among other behaviors, and has also been reported to play a potential role in mechanotransduction (33, 49) . We therefore chose to observe FAK activation and localization in HUVECs interacting with topography. Immunocytochemistry using a monoclonal antibody recognizing general tyrosine phosphorylation events (green) and an antibody against phosphorylated (Tyr 397 ) FAK (red) was performed to specifically detect activated FAK in HUVECs fixed 30 min after plating on 6-packs. Deconvolved immunofluorescent images showed that FAK is activated within 30 min of exposure to the topography and forms strong linear structures that localize to the edges of the ridges. In contrast, on the planar control substrate, phosphorylated (Tyr 397 ) FAK is localized in random speckles at the cell periphery (Fig. 5) . These results were consistent with the results of p130Cas and Src localization. We analyzed FAK activation at the earliest time point of cell elongation and observed that the activation and localization of FAK within 30 min of exposure to the topographically patterned surfaces coincide with the time required for cell alignment to the ridges and grooves. This intriguing observation suggests that FAK activation might play a role during the cell's early response to topography and led us to further investigate if FAK might be a trigger for cellular responses to biophysical cues.
Topography Does Not Modulate Inherent FAK Expression
We were interested in whether biophysical cues alter the gene expression levels of FAK. A previously performed gene chip analysis showed no differences in FAK expression between HUVECs cultured on the 400-nm pitch and those cultured on planar surfaces (14) . To analyze additional pitch sizes, we performed a qPCR using RNA isolated from HUVECs cultured on topographically patterned surfaces and planar control substrates. At 4 and 12 h postplating, FAK expression was not altered on any of our topographically patterned surfaces (Fig. 6) .
Effect of FAK Knockdown Successful siRNA-mediated knockdown of FAK in HUVECs.
To investigate the importance of FAK as a mechanosensor in HUVECs, FAK mRNA was downregulated by siRNA transfection. Time points from 48 to 120 h posttransfection were analyzed. As determined by qPCR analysis, knockdown to expression levels Ͻ20% compared with control siRNA-transfected cells was achieved at 48 -96 h posttransfection. At 120 h posttransfection, the mRNA levels started to increase and exceeded 30% of gene expression (Fig. 7A) . We therefore chose to perform our experiments during the first 72 h posttransfection to ensure consistency throughout our experiments. In contrast to the knockdown experiment, similar FAK gene expression levels were detected in untreated or mock-transfected cells and in cells transfected with control siRNA (data not shown).
The successful silencing of FAK was confirmed on a protein level by immunocytochemistry on HUVECs 48 h posttransfection, which showed a signal in control siRNA-transfected cells, but not in FAK siRNA-transfected cells (Fig. 7B) . Similarly, the amount of FAK protein was below the level of detection by Western blotting in cell lysate obtained from FAK siRNAtransfected cells (Fig. 7C ) compared with untreated cells and HUVECs transfected with control siRNA or mock-transfected HUVECs. ␤-Actin was also measured and detected in all samples, confirming that equal amounts of protein were loaded.
FAK-depleted cells remain sensitive to topographic cues. At ϳ48 h posttransfection with control and FAK siRNA, HUVECs were plated on topographically patterned surfaces of different pitch sizes, as well as planar control areas, and left to adhere for 4 h. After fixation and staining of nuclei and the actin cytoskeleton, the percentage of cells aligned with the topographic features was determined. On all pitch sizes, HUVECs preferentially aligned parallel to the ridges and grooves of the underlying surface (Fig. 8) . No statistically significant differences could be detected between cells transfected with control and cells transfected with FAK siRNA, indicating that, in HUVECs, FAK is not required for the cell orientation along the ridges and grooves. Similar values were obtained with untreated or mock-transfected cells (data not shown).
Previous work in FAK-null fibroblasts showed that these cells were unable to respond to mechanical forces, durotaxis (49) , or the topographic cues of micrometer-sized pillars (13) . Our observation that FAK knockdown had little or no impact on the ability of HUVECs to align along the ridges and grooves counters the hypothesis that FAK is a fundamental mechanosensor in topographic cueing. In agreement with our data, we recently observed that, in corneal epithelial cells, FAK knockdown led to an increased cellular response to topographic cues (10). The differences in the impact of FAK knockdown on different cell types suggest altered sensing modalities for the specific tissue microenvironments to which each cell type is exposed in vivo. Like most cell types, vascular endothelial cells are exposed to topographic cues provided by the ECM on their basal surface. In addition, they are exposed to several hemodynamic cues, such as pressure, stretch, and shear (29, 47) . The dramatic difference in the biophysical microenvironment could influence the importance of specific mechanotransduction pathways. Interestingly, reports that the cellular responses to substrate stretch can be independent of FAK (18, 31) provide further evidence that FAK is not always essential for mechanotransduction. Therefore, FAK being dispensable for vascular endothelial cell mechanotransduction is not without precedent. Thus, FAK may be involved in the reaction to biophysical cues in some cell types and conditions but is not necessary in HUVECs to induce cell alignment and elongation in response to topographic cues.
Migration of HUVECs on topographically patterned surfaces after knockdown of FAK. At ϳ48 h posttransfection with control and FAK siRNA, HUVECs were plated on 6-pack substrates and left to adhere for ϳ4 h. During the following 10 h, cell migration was tracked by time-lapse microscopy to analyze the impact of FAK knockdown on the motility of HUVECs. The migration rate of control and FAK siRNAtransfected cells was significantly increased on the 400-nm pitch (Fig. 9) . Additionally, there was a statistically significant difference between the migration rate of control and FAK siRNA-transfected cells with FAK knockdown, resulting in an increase in cell migration (Fig. 9 ). This result was contrary to were normalized to expression levels on planar surfaces, which were arbitrarily set as "1.". No statistically significant differences were detected between expression levels on planar and patterned surfaces. our expectations, since FAK-null fibroblasts, as well as inactive FAK-mutant fibroblasts, have been reported to show a reduced migration rate (19, 49) . Also, overexpression of FAK resulted in an increased migration rate of Chinese hamster ovary cells (5) . In addition, a recent study from our laboratory documented a decreased migration rate of human corneal epithelial cells after downregulation of FAK by siRNA transfection (10) . While it is possible that the migration was influenced by the residual FAK mRNA expression, we consider this unlikely, as FAK was below detection limits at the protein level. Together with previously published literature, these data point to variability in the mechanotransduction pathways active within a specific cell type. In HUVECs, it is likely that other signaling molecules may compensate for the loss of FAK upon FAK downregulation. Recent publications report an important role of Yes-associated protein in mechanotransduction (11, 15, 48) in a FAK-independent pathway (51). Congruent with this hypothesis, Yes-associated protein mRNA expression in HUVECs is not affected in our FAK-knockdown experiments (data not shown). Therefore, this pathway should remain fully functional and may compensate for the loss of FAK signaling in HUVECs. 
Conclusions
The present data document that prior coating of substrate surfaces is not a requirement for the ability of HUVECs to align along the ridges and grooves of the underlying topographically patterned substrates. Even without the addition of protein in the culture medium, HUVECs responded to topographic cues within 30 min of plating by orienting along the various pitches. At this early time point, we found activated FAK, p130Cas, and Src localized to long linear structures along the edges of the topography, in sharp contrast to the random peripheral organization on planar substrates. Nevertheless, depletion of FAK did not inhibit cell orientation to topography, suggesting the existence of parallel signaling pathways. We theorize that FAK activation is a prime event in the cellular response to topographic cues but that parallel pathways exist in HUVECs, emphasizing that cellular mechanotransduction systems are not generalizable between cell types. The cell type-specific differences may reflect the particular roles and microenvironments of each cell type. On the basis of these data and current literature, we hypothesize that several signaling pathways are involved in the cellular responses to biophysical cues that allow the cells to respond to a variety of biophysical stimuli in their specific microenvironment.
